Introduction
The reactive imine ethoxycarbonyl-N-(2,2,2-trichloroethylidene)amine (1) (also named anhydrochloralurethane), first described by Feist and Ulrich et al. [1, 2] , has been used in the past by several groups as a versatile starting material for a number of transformations. For example, treatment of Cl 3 CeCH]NeCO 2 Et (1) with Grignard reagents gives Cl 3 CeCHRNHCO 2 Et (R ¼ Me, Et, Pr, Bu, PhCH 2 , CH 2 ] CHCH 2 ), which after hydrolysis and decarboxylation leads to a-amino acids [3] . Hetero-Michael addition of pyrazolinones to Cl 3 CCH]NCO 2 R is reported to yield novel 1,3,4-substituted 2-pyrazolin-5-ones [4] . The synthesis of 5,6,7-substituted 1,2,4-triazolo [1,5-a] pyrimidines was achieved by the treatment of triazolopyrimidinols with 1 [5] . Several papers deal also with the utilisation of this imine as a heterodienophile for [4 þ 2] Diels-Alder cycloadditions [6e9] .
Our laboratory investigated in the late 90s the potential of the title compound as a reagent for the synthesis of heterocycles via 1,3-dipolar cycloaddition [10e12] . In this context we have described and discussed the unexpected formation of 4,4-dichloro-1,1-diphenyl-2-azabuta-1,3-diene [Ph 2 C]NeCH]CCl 2 ] (4a) by cycloaddition of diphenyldiazomethane across the imine function of 1 at 65 C in toluene [12] . We have demonstrated that the first step of the process consists of a dipolar 1,3-cycloaddition of the diazo-compound across the imine, leading to the D 3 -1,2,4-triazoline 2a. Then, extrusion of dinitrogen gives the transient azomethine ylide 3a. Subsequent elimination of ethyl chloroformate produces the 2-azadiene 4a in 70% yield (Scheme 1). Investigating the electronic structure and chemical properties of 4a, we have found that it presents an interesting reactivity towards various nucleophiles, such as alkoxides, thiolates, and the sodium salt of pyrrole or the cyanide anion [13e17] . More recently, some of these compounds were reacted as S,N-chelators with transition metal derivatives and allowed us to access new organometallic products via oxidative addition and cyclometallation reaction [18, 19] .
In order to modulate the electronic properties of this reactive 2-azadienic array, we now have investigated two different strategies to prepare functionalized derivatives of 4a to have a feedstock for further organic or organometallic transformations:
(i) introduction of electron-pushing or withdrawing substituents at the para-positions of the phenyl rings. (ii) systematic investigation of the reactivity towards a wide series of thiolates SR À and amides NR 2 À to obtain functional ligands possessing both S,N or N,N donor sites for complexation studies.
We report herein the preparation of some new functionalized 1,1-diaryl-4,4-dichloro-2-azabutadienes and the rich reactivity of these p-conjugated compounds [20] towards various thiolate nucleophiles of the type NaSR. The molecular structures of some azadienic dithioethers resulting from the unpredictable attack of thiolates have been determined by means of X-ray diffraction studies. This investigation includes also a reactivity study of 4a toward the sodium salt of piperidine and the structural characterization of the resulting substitution product. we rationalized this finding by formation of two stereoisomers resulting from different approaches of the dissymmetric diaryldiazoalkane across the C]N bond of imine 1 in the transition state. A careful examination under an optical microscope confirmed that the morphology of all crystals of 4b within this batch was quite homogenous, the melting point being sharp between 64e66 C. Surprisingly, dissolving a single crystal in CDCl 3 again gave rise to two sets of signals in the 2:1 ratio. A survey of the literature revealed that this phenomenon is most probably due to a hindered inversion at the imine nitrogen. For example, The activation barrier for this imine inversion has been estimated by means of dynamic NMR spectroscopy to be of some 30 kcal/mol, the value varying in function of substituent X. We suppose, that in the case of 4b, a similar inversion process may operate giving rise to a co-existence of E and Z invertomers in solution. Since this phenomenon is beyond the topic of this article, we did not undertake NMR studies at variable temperature.
Results and discussion
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Reactivity of 4a and 4c towards NaSAr, NaSC 6 H 11 , NaSMe and NaS n Bu Three strategies have been developed in the past to synthesise 2-azabuta-1,3-dienes with thioether substituents: (E)-1-methylthio-2-azabuta-1-3-diene-4-carbonitriles like A and B were prepared by the addition of thioamides to methoxymethylene compounds or ketene dithioacetals and subsequent methylation, [24] whilst 3-aza-2-(dimethylamino-4-(methylthio)-2,4-hexadiene (C) was obtained from treatment of N-(thiopropionyl)acetamidine with CH 3 I and subsequent deprotonation of the resulting N-ylidene amidinium salt [25] . The crystallographically characterized dithioether D and related compounds were obtained by alkylation of the dithiolates Na 2 [S 2 C]C(R)eN]CPh 2 ] (R ¼ CO 2 Me, CN) with CH 3 I or Br(CH 2 ) n Br (n ¼ 2, 3) [26] .
In precedent papers we have demonstrated that 4a reacts under mild conditions in dry DMF with an excess of NaSR leading exclusively to the dithioether derivatives of type [Ph 2 C]NeC(H)]C(SR) 2 ] (R ¼ Ph, p-Tolyl, iPr), consistent with formal substitution of the two chlorosubstituents on the vinylic C3 atom by SR À . Their crystal structures have been already published [14,15,19a ]. An addition-elimination mechanism, initiated by nucleophilic addition to the C3 atom, elimination of chloride followed by addition of a second thiolate on the C3 atom and termination by dissociation of the remaining chloride has been suggested [14] . With the exception of 5a, 5b and 5d, which were isolated as viscous oils, all other derivatives (Scheme 3) formed yellow solids. An X-ray structure analysis has been carried out on a crystal of 5i grown from EtOH (Fig. 1) . The s-trans conformation of the azabutadiene chain found in precursor 4a and in 5f, 5g and 5j is also observed in the solid-state structure of 5i. Metric parameters and crystallographic data are gathered in Tables 1 and 2 . ORTEP view of 5i at the 50% probability level.
Table 1
Significant metric parameters, distances (Å) and angles ( ) for thiolate-and piperidine-substituted azabutadienes 5i, 7a,b, 10 as well as for the dinuclear copper complex 11. 
Reactivity of 4a and 4c towards sodium tert-butylthiolate
We extended the reactivity study of 4a,c towards thiolates also on the reaction with NaS t Bu in DMF as solvent.
Surprisingly, the spectroscopic features of the substitution products 7, which were isolated after workup as orange-red stable crystalline solids, diverged much from those of 5. calculated by the incremental method of Pascual, [32] allowed us to assign E-stereochemistry around the olefinic double bond. This E-stereochemistry was furthermore ascertained by X-ray crystallography. X-ray quality crystals of 7a,b were grown from EtOH and the molecular structures are depicted in Fig. 2 . The outstanding information got from concerns the position of the S t Bu substituents. One S t Bu is found, as in all our thioether compounds 5, at the C3 atom and in the cis-position relative to the imine nitrogen. However, and for the first time in this series, we observe the second SR substituent on the C2 atom. The torsion C1eNeC2eC3 angles are far from 180 (7a 111.6(2) , 7b 116.5(2) , Table 2 ), approaching a limit of 90 for which both formal double bonds are perpendicular and their conjugation is almost completely broken. This is nicely demonstrated by the NeC2 bonds (7a 1.411(3) Å, 7b 1.424(2) Å), which are longer than those observed in the s-trans structures where the C2 atom bears the hydrogen atom (see other compounds in Table 1 ). Thus the s-trans conformation of the azabutadiene chain seen for 5 is strongly perturbed. Such a large distortion from ideal strans conformation has been already observed in other 2-aza-1,3-butadiene structures substituted at the C2 atom [33e40] The dihedral angles between "nearly parallel" phenyl ring C4eC9 and the three atom C1eNeC2 plane of the azadienic chain are equal to 15.0(3) (7a) and 18.6(2) (7b) with the corresponding N/C1/C4/C5 torsion angles of 12.2 and 16.2 , respectively. These experimental values fall in the range observed for compound 5i. The N/C1/C4 and N/ C1/C10 angles in the imine part of the molecules also have values close to those found in 5.
Of course the question arises, why 4 exhibits a different substitution pattern in the case of NaS t Bu compared to the other sodium thiolates, including even steric demanding Index ranges . Therefore one may conclude from the above discussion that the formation of the azabutadienes 5 bearing two geminal SR functions could be considered as an exceptional case, whereas the rearrangement encountered in the case of NaS t Bu leading to 7 corresponds rather to the "classical" pathway. We suppose that a combination of both steric and electronic factors is decisive for the formation of 7 using the bulky and highly nucleophilic NaS t Bu. The NaS n Bu reagent leading to 5a should have a comparable basicity and nucleophilicity with NaS t Bu, but is doubtlessly sterically less demanding.
Reactivity of 4a towards sodium ethylthiolate
In analogy to the synthesis of compounds 5, the reaction of 4a with NaSEt in DMF at room temperature afforded exclusively [Ph 2 C]NeC(H)]C(SEt) 2 ] 5d, as confirmed by the presence of the vinylic hydrogen as a singlet at (Fig. S2 ) and 13 C NMR spectra of 8 reveal the presence of only one thioethyl group. This unexpected product results probably from formal EtSH addition across the C]C bond of 4a, similar to the first step of the reaction sequence shown in Scheme 4.
It seems that the basicity of NaSEt does not permit the elimination of HCl. However, the reaction of compound 8 in toluene with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or an equivalent of NaOMe in methanol yields quantitatively the dehydrochlorinated compound 9. We identified a mixture of two diastereomers (Z)-9/(E)-9 in a 9:1 ratio. The proton NMR spectrum allows distinguishing two vinylic protons at 5.22 and 5.52 ppm. By comparison with the chemical shifts at 5.23 and 5.51 ppm respectively, calculated by the incremental method of Pascual, [32] we can assign the major compound (singlet at 5.52 ppm) to the stereoisomer (Z)-9. The synthesis of the azabutadiene 7c, which is structurally related to 7a,b, was achieved by reacting 9 with an excess of NaSEt in ethanol. The proton NMR spectrum revealed again the presence of a mixture of two stereoisomers (Z)-7/(E)-7 in an approximate 8:2 ratio. 
Reactivity of 4a towards the sodium salt of piperidine
With the aim to prepare amine-substituted azabutadienes related to 5 and 7, we have reacted 4a with secondary amides X 2 N À Na þ (X ¼ Ph, Et) as well as with NaNH 2 .
But despite varying the reaction conditions, we failed to isolate any product. Fortunately, treatment of 4a with cyclic amides was more successful. We have communicated that the reaction of 4a with the sodium salt of pyrrole leads, through an addition-elimination process, to (E)-4-chloro-1,1-diphenyl-3-(1-pyrrolyl)-2-azabuta-1,3-diene, in which the chloro and the N-pyrrole substituents are in a transconfiguration [16] . For comparison, we treated 4a with the in situ prepared sodium salt of piperidine using neat piperidine as the reaction medium. Table 1 ). The torsion angle of the azadiene array (C1/N1/C2/C3) reaches 178.4 (1) . Both piperidine substituents on the C3 atom adopt a chair conformation. The mean CeN distance of the C]C(NC 5 H 10 ) 2 moiety bearing the two bulky piperidyl groups amounts to 1.395(2) Å and compares well with that reported for methyl-3,3-dipiperidinodithioacrylate [MeSC(]S)eC(H)] C(NC 5 H 10 ) 2 ] (1.35(4) Å) [51] as well as with other structures reported in this article.
Coordination of 6 on CuBr yielding a 16-membered macrocyclic complex
As stated in the introduction, one of the aims of this work was the preparation of a wide range of potentially bior poly-dentate unsaturated ligands for coordination chemistry. In a preliminary study on the coordination properties of tetrathioether 6, we reacted this ligand with CuBr in a 1:1 metal-to-ligand ratio. A single-crystal diffraction study (Fig. 4) indicates that from four available sulphur coordination sites in the ligand, only one arylbound SiPr group and one vinylic SiPr group are involved in the complexation of 6 on CuBr leading to the original dinuclear 16-membered macrocyclic complex [{Cu 2 Br 2 {p-iPrSC 6 H 4 ) 2 C9 between the Cu/Cu* atoms) are parallel but slipped with respect to each other. The distance between these two planes is close to 3.4 Å and may so suggest a kind of intramolecular p stacking (Fig. S3) as encountered in cyclophanes.
Conclusion and perspectives
We have shown that p-aryl-substituted The straightforward preparation of ligands 5 and 7 permits furthermore a promising development in coordination chemistry, where a subtle fine-tuning of the stereoelectronic parameters exerted by the substituents À SR is of great importance. The design of the polydentate tetrakisthioether 6 and its coordination on CuBr giving rise to the unusual macrocyclic compound 11 demonstrates the potential of this ligand for the assembly of polymetallic systems and metal-organic frameworks [52] . In this context, we are currently extending the reactivity studies of 4 towards other nucleophiles and are exploring the coordination chemistry vis-a-vis numerous transition metals like Re, Mn, Cu, Ag, Ru and Fe and are investigating the electrochemical and photophysical properties of resulting mono-and di-nuclear systems. The potential of these polydentate ligands to act as C,N,S and C,N,N pincer ligands after cyclometallation reactions with Pd(II), Pt(II) and Ir(I), the electronic and molecular structures of the resulting organometallic compounds possessing a reactive covalent Fig. 3 . ORTEP view of 10 at the 50% probability level. Hydrogen atoms (except H2 and H5) are omitted for clarity. metal-aryl bond towards insertion reactions will be the topic of a forthcoming paper.
Experimental
General methods
The NMR spectra were recorded on a Bruker Avance 300 apparatus (300. 13 
General procedure for the synthesis of azadienes 4
An equimolar mixture (10 mmol) of the diazo compound and of N-ethoxycarbonyl-N-(2,2,2-trichloroethylidene) amine in 10 mL of toluene is stirred at 65 C for 3 days. Then, the toluene is evaporated and the oily residue is chromatographed on silica or on neutral alumina, using a CH 2 Cl 2 -petroleum ether mixture (50:50) as the eluant. Recrystallization from ethanol provided 4 in the form of pale yellow crystals. 
